Klotho and aging
Aging is defined as the age-related decline in physiological functions necessary for survival and fertility. The aging process is multi-factorial, with genetic background and environmental stress as two critical components. Recent studies revealed that mutation of a single gene in chromosome 13 causes extensive aging phenotypes including arteriosclerosis, vascular calcifications, soft tissue calcifications, emphysema, hypoactivity, gonadal dysplasia, infertility, skin atrophy, ataxia, hypoglycemia and severe hyperphosphatemia (Table 1 ) that is associated with increased concentrations of 1,25(OH) 2 D 3 , an essential vitamin for calcium metabolism (Kuro-o et al., 1997) . This gene was named after the purported Greek goddess, Klotho, who spins the thread of life. The lifespan of klotho-deficient mice is only about 5-6% of that of wildtype mice (Nabeshima, 2006) . The defect in klotho involves the process of randomly integrating a foreign gene into the mouse genome (Kuro-o et al., 1997) . In this process, the klotho gene is disrupted in its 5 0 -flanking promoter region (about 6 kb upstream of the transcription start site) by the random insertion of an exogenously introduced nonfunctional gene. The coding structure of the mutated klotho is still preserved, but klotho gene expression is severely reduced, which results in a strong hypomorphic allele and leads to aging-like phenotypes (Kuro-o et al., 1997) . On the other hand, overexpression of klotho extends lifespan in mice (by 20% and 30% in females and males, respectively) ( Table 1) (Kurosu et al., 2005) . Klotho functions as a hormone that represses intracellular signals of insulin and insulin-like growth factor (IGF-1), an evolutionarily conserved mechanism for extending life span. Disruption of the insulin and IGF-1 signaling attenuates aging-like phenotypes in klotho-deficient mice (Kurosu et al., 2005) , suggesting that klotho suppresses aging probably via inhibition of insulin and IGF-1 signaling. Therefore, klotho functions as an anti-aging gene in mammals. Table 1 summarizes the phenotypes of klotho deficient and klotho overexpression mice.
The structure and expression of the klotho gene
The mouse klotho gene is composed of 5 exons and 4 introns and resides on chromosome 13q12 with a size of over 50 kb (Kuroo et al., 1997) . The transcript of the mouse klotho gene is about 5.2 kb. The size of the human and rat klotho gene transcript is similar to that of the mouse (5.2 kb) (Matsumura et al., 1998; Nabeshima, 2002b; Ohyama et al., 1998) . Its promoter region lacks a TATA-box and contains four potential binding sites for Sp1 (a human transcription factor involved in gene expression in the early development of an organism) (Matsumura et al., 1998) . In the third exon, there is an alternative splicing at an internal splice donor site. Two transcripts arise from this alternative RNA splicing: a transmembrane and a secreted form of klotho protein. The transmembrane form of klotho has a full-length transcript and Klotho is a new anti-aging gene. Genetic mutation of klotho causes multiple premature aging-like phenotypes and strikingly shortens lifespan. Overexpression of the klotho gene in mice suppresses aging and extends lifespan which may involve the mechanism of suppression of insulin signaling and oxidant stress. Klotho functions as a cofactor/coreceptor regulating fibroblast growth factor (FGF) 23 signaling. Klotho acts as a glucuronidase and activates ion channel TRPV5. Klotho protects against endothelial dysfunction and regulates the production of nitric oxide. Klotho also influences intracellular signaling pathways including p53/p21, cAMP, protein kinase C (PKC) and Wnt signaling pathways. The discovery of klotho has a great impact on aging research. The purpose of this review is to provide the recent progress and future directions of klotho research. Specifically, this review will cover: klotho and aging, structure and expression of the klotho gene, localization of klotho expression, source of circulating klotho, current understanding of klotho functions, and signaling pathways of klotho.
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